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Multiply

centimeter (cm)
meter (m)
kilometer (km)

square meter (m2)
hectare (ha)
square kilometer (kmz)

cubic meter (m°)
cubic meter (m°)

centimeter per day (cm/d)
meter per day (m/d)

square meter per day (m*/d)
cubic meter per day (m>/d)
cubic meter per day (m3 /d)
cubic meter per day (m3/d)
cubic meter per day (m3 /d)

degree Celsius (°C)

milligram per liter (mg/L)

CONVERSION FACTORS

By To Obtain
Length
2.54 inch (in)
3.281 foot (ft)
0.6214 mile (mi)
Area
10.764 square foot (ft%)
247 acre (ac)
0.3861 square mile (mi’)
Volume
220 Imperial gallon (gal)
264 United States gallon (gal)
Flow
2.54 inch per day (in/d)
3.281 foot per day (ft/d)
10.764 square foot per day (ft*/d)
0.153 Imperial gallon per minute (gal/min)

0.183 United States gallon per minute (gal/min)

220 Imperial gallon per day (gal/d)
264 United States gallon per day (gal/d)
Temperature
(1) degree Fahrenheit (°F)
Concentration
1 parts per million (ppm)

(1) °F=18x(°C)+32.

Sea level:
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In this report, "sea level" refers to the Nahrwan Datum of 1967.



SIMULATION OF AQUIFER STORAGE RECOVERYOF EXCESS
DESALINATED SEAWATER, AL AIN AREA, ABU DHABI EMIRATE

By C.B. Hutchinson

ABSTRACT

The surficial aquifer system in Al Ain area is being depleted of vital fresh ground-
water. Desalinization plants at Umm Al Nar and Taweelah in coastal Abu Dhabi Emirate
produced 700,000 cubic meters per day in 1997 and pipelines carried supplemental water
to Al Ain. It may be feasible to store excess desalinated seawater underground in the
surficial aquifer system in Al Ain area for future recovery during time of need. This tech-
nique, known as “aquifer storage recovery,” or ASR, has been tested in Kuwait and Qatar.

The computer models, Visual Modflow and Visual Groundwater, were used to
simulate and visualize three hypothetical scenarios for aquifer storage recovery of fresh-
water. The models were based on estimates for regional aquifer conditions of head, hy-
draulic conductivity, specific yield, and dissolved-solids concentration. The models were
used to demonstrate the practicality of computer analysis before conducting field tests.

The first simulation is a well model, whereby 1,000 cubic meters per day are in-
jected for 200 consecutive days and then recovered at a rate of 1,000 cubic meters per day
for 50 days on an 8-ASR-cycle schedule lasting 2,000 days. The simulated average dis-
solved-solids concentration of the recovered water is about 500 milligrams per liter. The
remaining simulated plume of freshwater with a dissolved-solids concentration less than
1,500 milligrams per liter occupies an area of 100,000 square meters and the volume
added to aquifer storage is 1,200,000 cubic meters.

The second simulation is a pond model, whereby 1,000 cubic meters per day seeps
through the bottom of an infiltration pond for 245 consecutive days and then a downgra-
dient recovery well is pumped at 1,000 cubic meters per day for 120 days for a cyclic
schedule lasting 1,825 days, or 5 years. This is realistic from the standpoint that excess
desalinated water may be available for storage during off-peak demand periods and re-
covered during peak demand periods. The dissolved-solids concentration of the recov-
ered water decreased with successive ASR cycles and generally was less than 1,000
milligrams per liter. The simulated plume of freshwater after 1,825 days, or five ASR cy-
cles, occupied an area of 88,000-square meters and a volume of 660,000 cubic meters.

The third simulation is a strategic reserve model, whereby 1,000 cubic meters per
day are allowed to seep through an infiltration pond for 3 years and subsequent recovery
is by 15 wells pumping a total of 15,000 cubic meters per day for 10 days. The need for a
strategic reserve is evident from past water shortages that occurred when desalinization
plants were shut down due to oil spills in the Arabian Gulf. The simulated dissolved-
solids concentration of the blended water recovered from the 15 wells averaged about
1,100 milligrams per liter. The remaining plume of freshwater covered an area of
105,000 square meters and occupied a volume of 795,000 cubic meters.

Conclusions drawn from results of the preliminary models based on average hy-
drologic conditions indicate that aquifer storage recovery is a viable alternative for aug-
menting the depleted aquifer near Al Ain and for creating a reservoir of freshwater for
emergency withdrawal. The models are a cost-effective means for analysis of the aqui-
fer’s potential for accepting storage and yielding water and are ideal for use in the design
of a storage recovery facility, including size of the area, well design, monitoring loca-
tions, and storage recovery rates and schedules. Although only three examples of aquifer
storage recovery were analyzed, they have demonstrated possible situations that would
have cost millions of dirhams to implement.




















































































CONCLUSIONS

Visual Modflow and Visual Groundwater are useful tools for analyzing ground-
water systems for impacts of hydraulic stresses and introduced chemical constituents.
The analyst should take care not to overinterpret the model results, especially as shown in
these example cases, which were developed to demonstrate modeling capabilities. In or-
der to fully evaluate aquifer storage recovery (ASR) alternatives, field tests would be re-
quired to obtain site-specific aquifer properties and local water-level gradients. Following
this, injection or infiltration tracer tests could be conducted to monitor the spread of the
recharged water. With these data in hand, a representative model could be calibrated to
simulate the observed conditions. Once the calibration was complete, various parameters
could be adjusted within reasonable ranges observed in the field to test the sensitivity of
the model and determine needs for further field tests. For example, if the model is sensi-
tive to a 50-percent change in porosity, then it would be prudent to conduct geophysical
logging and laboratory tests on core samples to refine the porosity estimate. However, if
the plume is controlled more strongly by head gradients, then a refined water-level map
would be of value.

Models are worthwhile tools for studying ASR concepts. From the preliminary
simulations of average hydrologic conditions, a study area should be at least one square
kilometer in size for a small-scale test on the order of 1,000 cubic meters per day. Be-
cause ground water moves slowly, tests would need to be conducted over a long period of
time, on the order of years rather than days, to observe plume generation and movement.
Well construction could be tailored to specific objectives. For example, water-level ob-
servation wells could be screened just below the water table to save expense, quality-of-
water observation wells could be screened in the midpoint of the aquifer or near the water
table depending on whether wells or a pond are used for the storage phase to ensure
measurement of the lowest plume concentrations, and recovery wells could be screened in
the upper two thirds of the aquifer to reduce upwelling of formation water. The models
demonstrated that ASR can be useful for augmenting the dwindling ground-water re-
sources of Al Ain area.

The surficial aquifer system near Al Ain was selected for the model simulations
for several reasons. The Ground-Water Research Program of the National Drilling Com-
pany has constructed hundreds of wells near Al Ain and has a comprehensive data base
that includes well construction, aquifer characteristics, and ground-water quality. The ag-
uvifer contains mainly fresh to slightly brackish water, not dissimilar to the desalinated
supply. Two desalinization pipelines run through the area, thereby offering many choices
for positioning an ASR site.

It might be feasible to construct an ASR facility at a desalinization plant, however,
little is known about the hydrology of the coastal ground-water conditions. It is known
that the shallow aquifer is fully saturated and contains brine with a total dissolved-solids
concentration as much as three times that of seawater. Based on this information, it can
be concluded that there is no unsaturated zone above the water table, therefore, storage by
pond infiltration is not possible. If a deep confined aquifer is located, buoyancy caused
by the density contrast between the native brine and injected freshwater would propagate
a fairly thin lens of freshwater that floats on the brine. Experience with situations such as
this at sites in the United States has demonstrated that it is feasible to inject the freshwa-
ter, however, recovery is impeded by upconing of native brine.
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This report has demonstrated through hypothetical examples that it is feasible to

store excess desalinated seawater underground and withdraw it the future. A demonstra-
tion project could be conducted with activities including:

30

Select an ASR test site along one of the desalinization pipelines, preferably one that
can supply water that is excess to other needs for a long-term test.

Conduct a program of drilling and testing to measure aquifer hydraulic properties, en-
sure that the aquifer can accept at least 1,000 cubic meters per day, and determine that
the native ground water is fresh or slightly brackish (less than 2,000 mg/L, TDS).

Develop preliminary computer models of ground-water flow and solute transport to
simulate and visualize the ground-water system at the selected site under several op-
tions for ASR.

Based on the modeling and knowledge of the site, install an injection well or infiltra-
tion pond, water-level and water-quality observation wells, and recovery wells.

Install electronic water-level and water-quality monitors in the observation wells and
water meters on the desalinization pipeline and recovery well discharge line.

Conduct long-term tests of ASR, preferably for a year or more, using a natural tracer,
such as chloride or specific conductance, to define the slug of stored water and moni-
tor how it disperses with distance from the storage point.

Calibrate the computer models of the ground-water system so that they simulate ob-
served conditions and use them to simulate future ASR management alternatives.
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ATTACHMENT 1: APPLICATIONS OF AQUIFER STORAGE RECOVERY
IN ARABIAN GULF COUNTRIES

Experimental tests of ASR have been conducted in the Arabian Gulf countries of
Kuwait and Qatar. The anticipated water sources were excess desalinated water, flood
water, and imported water. The water was either routed to recharge wells or infiltration
ponds to build a strategic reserve to be used during shortages. Brief descriptions of these
pilot projects were summarized by Abdulrazzak (1997, p. 266-269) as follows:

Kuwait

Excess desalinated water produced during the winter season in the past encour-
aged responsible groundwater authorities in Kuwait to evaluate artificial groundwater
schemes. Preliminary hydrogeological investigation indicated that the sandstone forma-
tions of Kuwait group at Rawadatain and the limestone Dammam formations at Sulabiya
were potential recharge sites. The initial recharge field investigations focused on the
Rawadatain site because of the presence of a water supply well field consisting of 121 test
holes and observation wells, as well as 26 production wells, completed in 1964. The
Rawadatain aquifer represents the Dibdibba formation consisting of sandstone, conglom-
erate and siltstone. The first recharge experiment consisted of ten infiltration tests in two
recharge pits, and two well injection tests during the period 1961-1964. The objectives of
the tests were to examine aquifer behavior in order to evaluate formation capability and
potential clogging.

Encouraging results were obtained from pits which showed high infiltration rates,
leading subsequently to the construction of other pits in 1 964, covering an area 870 ft
long, 31 ft wide and 11 ft deep, which achieved 22,000 m3/day. The source water was
runoff collected at Rawadatain which occurred in 1977 and resulted in water level rises
of one meter, with travel time of 80-90 hours.

The well injection experiment at Rawadatain continued, and in 1972 two injection
tests were carried out, later followed by a 27 day long injection test in 1973. The long
test of 1973 provided results on recharge water level rise from 8.2 to 15.2 m, and its de-
cay. Another injection test was made in 1977 to focus on water quality aspects. The out-
come of various injection tests favored the implementation of artificial injection-recovery
schemes at the Kuwait group aquifers at Rawadatain. The Scheme suggested the use of
pits surrounded by and injection recovery well field. A plan was made for the Rawada-
tain site to implement an artificial recharge project using the existing pits to be sur-
rounded with five to eight wells for injecting a volume ranging from 19,000 to 38,000
m3/day over a four month period.

Further efforts were made in 1990 to investigate the other potential Dammam
limestone formation at Sulabiya. Two sites were tested, one at the Dammam confined aq-
uifer, and the other at the overlying Kuwait group, containing brackish water, using three
injection wells to evaluate water mixing problems.

Testing procedures included use of sodium fluorescein dye and tritium to assess
the mixing between natural and injected water. A single injection-recovery cycle was
utilized and there were plugging problems resulting from suspended solids. Test results

were not conclusive and suggested limited storage and recovery potential at the Sulabiya
site.
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Qatar

Development activities in Qatar have resulted in mining of the groundwater re-
sources. Qatar has implemented a number of measures to manage its limited water re-
sources. One of these methods is a groundwater recharging scheme where runoff
collected in depressions is diverted to a large number of recharging wells that facilitate
the transfer of flood water to the underlying Rus and Umm er-Radhuma aquifers. The
shallow depressions where runoff is usually collected were formed by subsurface collapse
of geological structures as a result of extensive solution and removal of anhydrides and
calcium carbonates. These depressions range in size from a few hundred meters up to
three kilometers. They are covered by colluvial soils made of calcius, sandy and sandy-
clay loam.

Artificial groundwater projects using runoff collection depressions and recharge
wells in Qatar were initially implemented in 1987 through the use of five recharge wells
located in some of the lowland. The system was eventually expanded to include 140
wells. During the period 1977-1988, monitoring of the groundwater level indicated that
recharge volume had increased by 30%. Water level fluctuations indicate the response of
wells to rainfall-runoff events. Eight hundred new recharge wells were planned for con-
struction beginning in 1994.

Past artificial groundwater activities in Qatar consisted of the use of a large scale
Sflood water recharge well scheme implemented over most of the area of Qatar. More re-
cently, a pilot recharge project has been put into effect involving large depressions where
runoff usually collects and is then diverted to numerous recharging wells. The wells re-
charge the carbonate Rus and Umm er-Radhuma formations. Diminishing groundwater
supplies have compelled authorities to evaluate the feasibility of large scale artificial re-
charge schemes for the building of strategic reserves. The objectives of the feasibility
study is to investigate the capability of the water bearing formations to store injected
water, and to determine the efficiency of removal for later use. The feasibility study con-
sisted of drilling and testing of boreholes and a program of injection and water recovery
test cycles at four sites. The study was implemented on the Rus and Umm er-Radhuma
formations located in the northern region of the country, over a two year period from
1992-1994. The program of work consisted of drilling, pump tests, geophysical well log-
ging, water quality monitoring, tracer analysis, many injection recovery cycles, and site
modeling of both aquifers. In each site, well configuration consisted of a pumping well
and three observation wells, two of which were located perpendicular to the others. An
additional two wells were included, one for providing injection water and the other to
dispose of water. The four selected sites represented a range of different hydrogeological
regimes expected in northern Qatar. A fluorescent dye tracer was used for most of the
sites to label the injected water. The results of this large scale artificial recharge study
identified the layers in both aquifers as having potential for building up groundwater re-
serves. A number of artificial recharge scenarios were identified through detailed analy-
sis and interpretation of data, as well as site modeling simulations. The scenarios
included options of recharging the aquifers from either desalinated water or imported
surface water for the purposes of building strategic reserves, enhancing capacity of ex-
isting well fields, water supporting existing farms, and control of saltwater intrusion. In
summary, the study identified the best areas for water injection volume and optimum
methodology for water injection and recovery. The study can be used as an excellent
guideline for countries of the region that are planning to undertake artificial recharge
schemes.
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ATTACHMENT 2: DEFINITIONS'

Advection—The movement of a solute at the speed of the average linear velocity of ground
water.

Aquifer storage recovery—the storage of water in a suitable aquifer through a well or in-
filtration pond during times when water is available, and recovery of the water by pumping
from wells during times when it is needed.

Confining layer—layer of material that does not readily transmit water because of its low
hydraulic conductivity.

Concentration boundary—condition in solute transport modeling where the chemical
concentration in a cell or group of cells is held constant.

Constant head boundary—condition in ground-water modeling where the head, or water
level, in a cell or group of cells is held constant.

Desalinization, also desalination—removal of salt from water.

Dispersion—Spreading or mixing of a solute caused by the fact that not all the solute actu-
ally moves at the same speed as the average linear velocity of the ground water.

Dispersivity—numerical coefficient that supposedly simulates mixing, or dispersion, when
a solute is introduced into a ground-water system.

Head equipotential—contour line on a map along which the water level is at the same ele-
vation.

Hydraulic conductivity—measure of the ability of an aquifer to transmit water.

Hydraulic stress—change of inflow or outflow usually represented by pumping or injec-
tion at wells.

Porosity—fraction of a unit volume of porous material that is void space.

Specific storage—volume of water released from storage within a unit volume of porous
material per unit decline in hydraulic head.

Specific yield—the volume of water that an unconfined aquifer releases from storage per
unit surface area of aquifer per unit decline in the water table.

Stress period—condition in ground-water modeling that represents the time when water is
being added or removed from the aquifer at a constant rate.

Total dissolved-solids concentration—a laboratory measurement of the salinity of water:
less than 1,500 mg/L, freshwater; 1,500 to 15,000 mg/L, brackish water; 15,000 to 32,000
mg/L, saline water; and greater than 32,000 mg/L, brine.

! Definitions are mostly in the authors own words or modified from definitions in Anderson and Woessner
(1992) or Freeze and Cherry (1979).
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